Colloidal systems are involved in crystallization processes in many different ways: on one hand, colloids may be used as controlling or structure-directing agents, as nanoreactors and as scaffolds and templates for crystallization. On the other hand, it is very often desirable to obtain colloidal particles in a crystalline or nanocrystalline state. In this highlight, we cover the challenges and the recent advances on the following topics: (i) the use of polymer colloids as additives for crystallization due to their ability to control nucleation and growth and even to promote enantiomer resolution by enantioselective crystallization; (ii) state of the art in the preparation of inorganic crystalline colloids; and (iii) the application of colloidal systems (i.e., colloidal particles, droplets, micelles and vesicles) as supports, templates and nanoreactors for inorganic crystallization.
Introduction
According to IUPAC's Gold Book, in a colloidal system, ''the molecules or polymolecular particles dispersed in a medium have at least in one direction a dimension of roughly between 1 nm and 1 mm'' or, alternately, ''discontinuities are found at distances of that order''. 1 This size range implies that colloid science, a centenarian discipline, falls almost as a whole under the domain of the much younger and presumably ''sexier'' field of nanotechnology. In reality, colloids and thus nanomaterials have been known for centuries, even for millennia. The most recurrent example of ancient nanotechnology, used over and over again in written texts and academic presentations on the topic, is the Lycurgus Cup, a more than 1700 year-old piece manufactured by Roman craftsmen and exhibited at the British Museum in London. We will also allow ourselves to mention here once more this fascinating glass cup because it involves the two aspects of the focus of this highlight: colloidal systems and crystals. The Lycurgus Cup contains a colloidal crystalline gold-silver alloy, which explains why the opaque green color changes to glowing translucent red under illumination. 2 It is certainly true that nanocrystalline colloids find many technological applications in fields as diverse as optics, electronics and medicine, [3] [4] [5] and we will also consider in the next pages the most recent advances in this area. However, we aim to emphasize here that the importance of colloidal systems in crystallization processes goes much beyond conventional nanocrystalline colloids. Colloidal systems can also act as controlling or structure-directing agents, nanoreactors and as scaffolds or templates for crystal formation.
We will limit the discussion to crystallization processes from the liquid phase, which already provide a broad enough scope, leaving aside physical or solid-state methods. Thus, we will also not refer directly to the so-called ''colloidal crystals'', understood as 2D and 3D arrays of monodisperse noncrystalline colloids.
In the first part, we will focus on the use of colloids-mostly polymer colloids-as additives and controlling agents in crystallization processes of inorganic but also organic materials. How colloids can also be used to promote enantioselective crystallization will also be described. Afterwards, we will review the preparation of crystalline inorganic colloids by conventional wet-chemical methods. In the last part, the templating effect of colloidal systems will be discussed, not only the use of hard templates, but also the case of soft templating. Under ''hard templates'', we will highlight an emerging topic of the last few years: the crystallization of inorganic nanoparticles on the surface of bigger colloidal particles, especially the case of covalently functionalized particles. These particles are used either as sacrificial templates or as a support to obtain hybrid materials. Finally, we will show how colloidal systems act as ''soft templates'', confining spaces in which crystallization can take place. As an overview, the scenario of colloidal systems in and for crystallization processes, presented within this article, is schematically depicted in Fig. 1 .
Colloidal systems as controlling agents for crystallization
It is well known that additives can affect the crystal formation in different ways: they can influence solubility-precipitation equilibria, nucleation, growth, Ostwald ripening, aggregation or can even cause stabilization of certain phases or polymorphs. Accordingly, additives are very often used in crystal engineering and have been the object of extensive studies. 6, 7 Nature provides very beautiful examples of how crystalline materials can be controlled by the presence of very diverse additives. Biomineralization processes can indeed be considered as additive-controlled processes of crystal formation.
Cölfen and coworkers have contributed very prominently to the understanding of the effect of biogenic molecules and polymers in biomineralization and bioinspired crystallization. [7] [8] [9] [10] One of the most important ideas arisen in the last few years is that, very often in nature and in many synthetic processes, crystal formation takes place through a highly parallel ''oriented attachment'' of nanoparticles, forming socalled ''mesocrystals''. [11] [12] [13] Cölfen and Antonietti have named the concept as ''non-classical crystallization'', 11, 13 in contraposition to the classical crystallization. In the ''classical theory'', ions or single molecules form clusters until they reach a nucleus of critical size, being governed by solubility products and diffusion processes. The ''non-classical crystallization'' theory-which had been around in a latent state for years, but had never been formulated as such-is very important in terms of colloidal science because it states that biomineralization and many processes of additive-controlled crystallization occur through the colloidal pathways of oriented attachment of existing nanoparticles. These superstructures of nanoparticles can incorporate foreign additives with the ability to control the growth. Intriguing structures in nature with very complex morphologies but behaving like single crystals could be now explained in terms of ''mesocrystals''.
Polymer colloids as additives for inorganic crystallization
Since the rate of the growth is frequently controlled at the interface, the adsorption of foreign substances at growing sites can significantly affect the crystal growth. Impurities may specifically adsorb onto certain growing faces, enhancing or retarding growth rates along certain directions and determining the final morphology of the crystals. These ''classical'' statements are also valid in the formation of mesocrystalline structures. The attachment of foreign substances can take place at kink sites, at a step or at a ledge (face) between steps, as depicted in Fig. 2 . Although the original sketch shown in this figure, by Davey and Mullin, 14 was proposed for ionic and small molecular additives, it is perfectly extendable to bigger and more complex species, such as colloidal additives.
Small molecules and polymers, including biomacromolecules, are the most common additives for crystallization, but different forms of colloidal systems can also be used to control nucleation and growth. Initiated by Wegner and coworkers in the early 2000s 15 and followed up in the subsequent years, surface-functionalized polystyrene latex nanoparticles have been used as additives in the crystallization of zinc oxide, 16, 17 calcium carbonate [18] [19] [20] and calcium oxalate. 21 As latex particles can be easily visualized by electron microscopy, one of the initial motivations to use them as controlling agents for crystallization was to prove the incorporation of polymer additives into the crystal structure. The results confirmed the hypothesis (see Fig. 3 ) and the holes left in the crystals after removing the polymer nanoparticles by dissolution or calcination generate a porous ''Swiss Cheese'' structure.
The studies with zinc oxide, used as a simple model system with only one hexagonal crystal phase under normal conditions (zincite), demonstrated that negatively charged colloidal particles adsorb specifically on the {001} facets, which retard the growth in the [100] direction. Thus, the elongated hexagonal prismatic crystals obtained in the absence of any additive evolve into shorter and wider shapes. The variation of the surface chemistry of the polymer nanoparticles was shown to have a dramatic effect on the final crystal morphology ( Fig. 4 ). 16 Although spectroscopic studies indicated that the physical properties of zinc oxide are influenced by the presence of the polymer, 22 careful X-ray diffraction analysis proved that the crystal perfection remains essentially undisturbed in spite of the up to 10 wt% of polymer content, 23 which seems to be in agreement with the non-classical crystallization concept. For calcium carbonate, and also using carboxyl-functionalized polystyrene particles, Kim et al. 20 have studied how the degree of occlusion of the colloidal particles in the crystal strongly depends on the surface chemistry: particles with higher acid content showed a more effective entrapment, which is consistent with the results previously observed for zinc oxide. Very recently, the same research group, headed by Meldrum, has reported artificial calcite single crystals containing up to 13 wt% of 20 nm micelles of the diblock copolymer PSPMA 30 -b-PDPA 47 (poly(hydroxypropyl methacrylate) 30 -blockpoly(2-(diisopropylamino)ethyl methacrylate) 47 ). 24 These micelles, claimed by the authors to act as ''pseudo-proteins'', are present in the crystallization medium and become occluded in the crystals, which behave as single crystals and are harder than the counterparts synthesized without the polymer micelles. The carboxyl-functionalized micelles were found to adsorb specifically onto the {104} crystal facets. The approach shows that such materials, prepared in the presence of polymeric colloidal entities, are not only interesting as models for biomineralization, but could also be extended to other systems and become a suitable tool to enhance the mechanical properties of organic-inorganic nanocomposites. 25 
Polymer colloids as additives for enantioselective crystallization
The discovery of the importance of stereochemistry in biochemical environments dates back to the days of Pasteur; since then, the study of chirality has been a major topic of research in both academia and industry. 26 The definition of chirality is rather straightforward: any two objects that are non-superimposable mirror images of one another are chiral and called enantiomers. The resolution of racemic compounds is important in many fields and the resolution of racemic drugs is especially significant because optical isomers of drugs can exhibit different pharmacological profiles in living systems.
A resolution of isomers can be achieved by various processes based on physical, chemical and biological techniques. 27 Chiral resolution by crystallization in the presence of chiral additives is a common technique. In this sense, chiral polymers, such as double-hydrophilic block copolymers (DHBCs) with chiral moieties, have been successfully used for chiral resolution via crystallization from conglomerate systems, as first reported by Mastai and Cölfen. 28 New approaches for optical resolution and purification of enantiomers using nanosized systems and colloids have been employed. [29] [30] [31] The use of colloid particles is commonly based on the strategy of linking chiral compounds to the surface and using the resultant material to selectively bind one enantiomer.
In this part, we will review the recent research on colloidal systems as controlling agents for chiral resolution by crystallization.
Although chiral polymers in solution are important for chiral resolution, the use of colloidal particles has attracted much attention in recent years. The application of micron-and submicron-sized chiral colloidal particles for enantioselective crystallization processes provides a very high chiral surface area on which crystallization is favored. Chiral colloidal particles act as resolving auxiliaries in the crystallization of enantiomers. The basic principle of the approach is that enantiospecific colloidal chiral particles will serve as selective chiral nuclei (seeds) during crystallization, lowering the formation energy for crystals of one enantiomer. Consequently, this enantiomer will crystallize in excess on the colloidal chiral particles, thereby enabling the separation of this enantiomer from the crystallization solution. This new chiral resolution technique required the development of new synthetic methods for the preparation of the particles.
Colloidal chiral particles, which can be synthesized by many techniques, are mainly used as a solid support for chiral separation by chromatographic methods. Two of the most prominent methods to prepare colloidal chiral particles are molecular chiral imprinting and the chiral coating of silica or polymer particles with chiral species. Recently, Melamed et al. 32 have suggested a new approach for the synthesis of poly(N-vinyl-a-phenylalanine) chiral microspheres. By an analogous method, Menahem et al. 33 polymerized L-and Dphenylalanine acryl monomers by a dispersion polymerization procedure and the formed micrometer-sized particles were used as additives in chiral crystallization experiments of amino acid racemates (DL-histidine and DL-glutamic acid) and conglomerate systems (DL-asparagine hydrate, DL-threonine and DL-methionine). In the crystallization of the conglomerate system DL-threonine, the presence of the chiral poly(Lphenylalanine) microspheres showed significant chiral recognition. Scanning electron microscopy demonstrated that crystals were grown on the surface of the chiral particles with significant changes in morphology. poly(styrene/ethylene glycol methacrylate phosphate). The latex has been removed by calcination at 600 uC. Note the holes in the structure left by the colloid particles. 16 A further example of the preparation of colloidal chiral particles by surface functionalization and their use as controlling agents for chiral crystallization was reported by Krattiger et al. 34 In this study, split-and-mix chiral oligopeptide libraries from one to four amino acids were bound to functionalized polystyrene beads. Different oligopeptide sequences were found to be active in the morphogenesis of CaCO 3 and DL-alanine. As shown in Fig. 5 , the colloidal chiral peptide-functionalized particles serve as selective seeds for the crystallization of DL-alanine, which crystallizes on their surfaces with unique and unusual morphologies. Chiral separation tests for the DL-alanine system indicated that no enantioselective crystallization could be achieved to a significant extent with the applied oligopeptide libraries.
Chiral colloidal particles are usually prepared by the chiral functionalization of polystyrene particles. Although such chiral particles exhibit chiral recognition properties, a higher chiral surface would be desirable. Medina et al. 35 reported a new synthesis route to prepare the next generation of particles that are entirely, not just the surface, chiral. Chiral N-acryl-Lphenylalanine monomers were polymerized via a one-step swelling dispersion polymerization process. In this method, swollen polystyrene particles served as ''reaction vessels'' and therefore the polystyrene swelling process is the first step. Non-cross-linked polystyrene particles were added to an oil-inwater microemulsion (chlorobromobenzene or chlorobenzene droplets in water). Polystyrene merged with the organic droplets, thus expanding the particles. In the subsequent step, chiral monomers, the initiator and a cross-linker (divinyl benzene) were dissolved in the swollen polystyrene particle template. Polymerization was initiated by increasing the temperature. After polymerization, the polystyrene particles were dissolved with dry acetone. The outcome of this process was remarkably monodisperse microspheres with a diameter of 5.4 mm (¡2%) with controlled morphology and porosity ( Fig. 6 ). Colloidal chiral particles with a perfectly defined structure can be obtained by varying the polymerization conditions, such as the swollen solvents and monomer : cross-linker ratio. The colloidal particles were used to test the chiral selectivity by enantiomeric adsorption from racemic and enantiomeric pure D-and L-valine solutions. The polymeric particles showed chiral selective adsorption toward the L-valine enantiomer in time-resolved polarimetry experiments. Crystallization experiments of racemic DL-valine in the presence of the chiral particles resulted in enantioselective crystallization on the chiral hollow particles, as shown in Fig. 6 (d)-(f). An enantiomeric excess of ca. 25% could be achieved for the crystallization onto these chiral microspheres.
All the examples above describe the preparation and use of micrometer-sized colloidal chiral particles. The synthesis and application of nanosized colloidal chiral particles is, however, more challenging. An example of the preparation of nanosized chiral particles was recently reported by Chen et al., 36 who prepared a novel category of hollow ''organic@inorganic'' hybrid two-layered nanoparticles in which the inner layer is formed by optically active helical polyacetylene and the outer layer by silica. The one-pot preparation of the hollow chiral nanoparticles consists of three major steps: (i) vinyl polymer cores are formed via free-radical polymerization of the monomer; (ii) middle-shells are formed via aqueous catalytic microemulsion polymerization of the substituted acetylene monomer; and (iii) outer shells of silica are formed by a sol-gel approach. These chiral nanoparticles showed remarkable optical activity and were used as chiral templates to induce the enantioselective crystallization of racemic alanine.
Chiral micellar systems also find application in enantioselective crystallization. The first example of the use of a micellar system for a chiral application was reported by Menahem et al. 37 The approach is based on the crystallization of chiral molecules in the aqueous phase of an inverse (water-in-oil) miniemulsion. The chirality in this reverse miniemulsion system is introduced by the use of a chiral amino acid surfactant, based on a N-stearoyl acid with a head group of Dor L-serine. The surfactant molecules are arranged at the water-oil interface, forming a ''chiral nanoreactor''. This work demonstrated that the crystallization of chiral systems of calcium tartrate tetrahydrate within these chiral miniemulsion droplets leads to enantioselective crystallization.
Preparation of crystalline inorganic colloids by wet-chemical methods: state of the art
Among crystalline colloids, inorganic colloids are particularly exciting due to their manifold functional properties, including optical, electronic, magnetic and catalytic properties. [38] [39] [40] In the first period of the ''colloid science renaissance'', the preparation of monodispersed inorganic colloids, defined as a task between ''art and science'' by Matijević, 41 was based on relatively easy routes, such as controlled precipitation from a homogeneous solution, forced hydrolysis, controlled release of anions or phase transformation (e.g., sol-gel).
In the meantime, colloid science has evolved and an impressive variety of synthetic approaches to obtain crystalline inorganic colloids has been described. In this section, we will give an overview of state of the art crystalline inorganic colloids and their preparation routes by liquid-phase methods. 39 As stated in the Introduction, we will focus only on wetchemistry and not consider vacuum-, plasma-, spray-pyrolysisand ablation-based approaches. We do not intend to provide a comprehensive coverage of the topic, but rather to outline the functional properties that can be enhanced by a controlled and ordered growth of these structures. Furthermore, the overview will be limited to colloids whose nucleation and growth occurs in solution or in suspension.
Wet-chemical routes are chosen for the preparation of inorganic crystalline colloids because the liquid phase is more versatile with respect to the variation of structural, compositional and morphological features of the final materials. Among these methods, aqueous 42 and non-aqueous 43 sol-gel processes, hydrothermal and solvothermal syntheses 44, 45 and biomimetic approaches 46 will be included in the following discussion. A further distinction between surfactant-assisted and surfactant-free approaches should be done, the latter being characterized by the presence of coordinating solvents that also play the role of stabilizing agents. The pros and cons of surfactant-directed routes with respect to surfactant-free ones have been excellently outlined by Pinna and Niederberger, 47 who have also pointed out that organic compounds not only act as an oxygen source during the formation of oxidic nanomaterials, but also strongly affect the size, shape, surface and assembly properties of the crystallites and, in some cases, also the composition and crystal structure.
Inorganic nanocrystals are systems of paramount relevance in modern science and technology and, in particular, in the preparation of functional (nano)materials for advanced applications. 48 In this framework, the practical and theoretical mastery of nanocrystal nucleation and growth represents a primary challenge in materials chemistry and in the applications of these systems. One should consider the pivotal role played by the structure, shape and exposed facets of an inorganic nanocrystal in catalysis and optics (e.g., the output of surface-enhanced Raman spectroscopy measurements strongly depends on the structure and facets). Furthermore, the formation of an ordered array of atoms or molecules (i.e., the obtainment of a crystalline structure) is in many cases a condition sine qua non to afford enhanced functional properties. It is, for instance, well known that the photocatalytic properties of titania nanoparticles can be tailored by controlling their crystalline structure and morphology. 49, 50 Polarz 51 has also pointed out the strong effects that shape and morphology have not only on the catalytic properties but also on optical, electronic, mechanical and self-assembly properties. Therefore, the tailoring of particle shape, size, morphology and crystallinity becomes a condition to achieve the desired functionality and properties.
We have referred in Section 2 to the effect of impurities and additives on the growth by adsorption on selective sites. In this context, models predicting the nucleation and growth phenomena can contribute to devise more rational approaches to the preparation of control systems, avoiding time-consuming trial-and-error approaches. Jensen and coworkers 52 have developed a relatively simple kinetic model taking into account additional parameters, such as temperature variation or the addition of additives. The model describes the synergetic effects of nanocrystals nucleation and growth and is based on the assumption that monomers assemble to give a larger structure. Actually, the kinetics of the crystal growth of inorganic semiconductor colloids has been the topic of several investigations. [53] [54] [55] The molecular mechanism of nucleation, the evolution from nuclei to seeds and from seeds to nanocrystals and the influence of thermodynamic and kinetic control have been described by Xia et al. 56 in a recent review devoted to the shape-controlled synthesis of metal nanocrystals.
Several synthetic approaches to obtain crystalline nanoparticles, either metallic or binary (oxides, chalcogenides, halides) have been extensively described in books and reviews. 39, 48, 57, 58 One of these publications by Dahl et al. 59 has focused on ''greener approaches'' to nanostructured engineered nanomaterials, outlining the possibility of producing ligand-functio- nalized inorganic nanoparticles in a sustainable, safer and environmentally friendly approach. In this regard, the use of novel dispersing phases, such as ionic liquid and supercritical fluids, has also been reported. 60 
Routes to prepare colloidal metal nanoparticles
Metallic nanocrystallites, ranging from large polyatomic clusters (such as Au55) to bigger colloids, 58 can be generated either by the dispersion of larger particles (dispersion methods) or by the condensation of smaller units, typically by reducing metal salts in solution in the presence of a stabilizing agent (reduction methods). A typical benchmark among reduction methods is the citrate reduction, pioneered by Turkevich 62 over half a century ago, yielding nearly monodisperse, water-soluble gold clusters with diameters ranging from 7 to 100 nm. Gold sols have been the focus of further work. 63, 64 The well-known citrate method has very high efficiency, since the reduction agent (citrate anion) also acts as a stabilizing ligand for the growing particles. A variation on this pathway is the direct synthesis of ligand-stabilized nanoparticles. A wide range of metal-based nanomaterials can be generated by reducing metal ions in the presence of a capping agent, such as thiols or phosphine groups. 58, 59 Another approach is the so-called germ-growth method, in which the growth starts from smaller colloids and takes place under chemically controlled conditions. 61 In fact, good control of the particle shape and size can be pursued by the seeded growth of nanoparticles from smaller seed particles through the epitaxial addition of metal atoms. The seeded growth of nanoparticles utilizes a growth solution that, taking gold nanoparticles as an example, consists of a gold salt, a weak reducing agent and often a surfactant. By this approach, spherical particles, but also anisotropic metal nanoparticles featuring unique optical properties, can be obtained.
Sonochemical methods are a further possibility to generate inorganic colloids. The ultrasounds induce cavitation phenomena, which are associated with several effects of both a physical (microstreaming, mass transport, local heating) and chemical nature (formation of radicals). Several colloids have been sonochemically synthesized in either aqueous or nonaqueous media, including metals (Au, Ag, Pd, Pt, Cu), metal alloys, oxides, chalcogenides and carbides. 38 Microwave irradiation can also be used in the synthesis of crystalline nanoparticles. Often used in combination with other synthesis routes (e.g., non-aqueous sol-gel routes 43, 65 ), microwave irradiation can lead to highly crystalline materials with reduced time and energy consumption. 59 
Routes to prepare colloidal nanoparticles of binary metal compounds (oxides, chalcogenides and halides)
The wet synthesis of metal oxides and other inorganic crystalline colloids is typically based on different approaches, encompassing reactions between the precursors (typically a metal salt and an anion), precipitation, thermal/photoactivated or chemically promoted decomposition of suitable precursors, hydrolysis and condensation and nucleation and growth in a confined space.
Binary metal compounds in the form of colloids are very often prepared through hydrothermal or solvothermal routes, in which the precipitation (and crystallization) of the inorganic material takes place in a closed system containing a solution of the precursor at a temperature generally exceeding the boiling point of the solvent and under high pressure. The high pressures involved cause significant changes in the solvent properties, making possible for crystalline structures to form at relatively low temperatures. 44, 45, 66 Many of the wet-chemistry approaches require the presence of organic molecules, which have very diverse functions. 65 In addition to the well-known use of surfactants as stabilizers and structure-directing agents to control the size and shape, 67 organic molecules can also play unusual roles. For example, Demir et al. 68 reported the use of p-toluene sulfonic acid monohydrate as a catalyst for the esterification of zinc acetate to produce ZnO nanocrystals by a solvothermal method.
Surfactant-directed approaches also encompass the aqueous synthesis of metal oxide sols and their subsequent injection into a surfactant solution or the room-temperature decomposition of organometallic precursors in surfactant solutions using the moisture in air or, at higher temperature, using a stabilizing agent, such as oleic acid. 69 An alternative ''hybrid'' route relies on the use of metallomesogens (i.e., metal-containing amphiphiles) as metal oxide precursors instead of a metal species and surfactants. 70 The use of ionic liquids as organic solvents constitutes another fast developing research field, which enables the synthesis of various inorganic nanoparticles and nanostructures either in the presence or under the exclusion of water. 60, [71] [72] [73] Among colloidal inorganic systems, increasing attention has been devoted in the last two decades to semiconductors, typically metal oxides or sulfides. Thanks to their tunable optical properties, colloidal semiconductor nanocrystals have gained attention in applications such as electroluminescent devices, bioimaging, microelectronics, catalysis, optics and photonics. [74] [75] [76] [77] [78] Nanoscale colloidal semiconductor structures with at least one dimension small enough to experience quantum confinement effects have captured the imagination and attention of scientists interested in controlling various chemical and photophysical processes. 57, [74] [75] [76] [77] [78] Aside from having a desirable quantum confinement, colloidal nanocrystals are attractive because they are often synthesized at low temperature, at low cost and with potentially scalable methods using simple wetchemical reaction batches. The synthesis of these structures, generally referred to as ''quantum dots'', is in many cases based on the use of stabilizing surface ligands.
During the growth of nanocrystals, kinetic factors can become more important than thermodynamic ones and, therefore, the binding strength and the time constant at which ligands self-exchange at the surface affect the growth rates of individual facets. Surfaces to which ligands are strongly bound exhibit hindered growth in their respective crystal directions. As a result, the addition of various surfaceselective ligands to the reaction mixture alters the growth kinetics along different axes, enabling the control of the nanocrystal shape. 79 In 1993, Bawendi and coworkers 80 reported the preparation of nanocrystalline cadmium chalcogenides with a narrow size distribution using the ''hot injection'' method, a landmark work in the colloid-chemistry routes for inorganic nanocrystals based on the fast injection of a suitable reactive precursor into a coordinative solvent, producing a supersaturated solution in which nucleation and growth occur in a controlled way. After this seminal work, numerous new routes were explored and implemented for the synthesis of semiconductor nanoparticles. A well-explored synthetic pathway to produce inorganic semiconductor nanocrystals is based on growth in hot organic surfactants, often also encompassing the role of the solvent. 59 Alivisatos et al. 74 have outline the pivotal role played by not only the nature of the precursor, able to rapidly decompose at the growth temperature, but also by the organic-inorganic interface and by the ability to use the surface solvation dynamic in a useful fashion.
A very versatile and effective approach to crystalline oxide colloids is the surfactant-free non-aqueous (and/or nonhydrolytic) sol-gel route pioneered by Niederberger and coworkers, 43, 47, 81, 82 who have obtained a plethora of nanocrystalline metal oxides, M x O y (M = Ti, Hf, Zr, V, Nb, Mn, Sn, In, Re, Ga, Cu, Al, Ce, Zn, W, La, Ni, etc.), with high compositional homogeneity and purity. The crystallization is conducted at temperatures of 200-300 uC and highly crystalline materials with small crystallite size (5-20 nm) are obtained. In several cases, the ligand-directed assembly of nanocrystals into highly anisotropic nanostructures have been observed. The approach, assessed in the meantime as a valuable alternative to surfactant-assisted and to traditional aqueous sol-gel chemistry routes, relies on quite straightforward synthesis protocols involving only metal oxide precursors and common organic solvents. The obtained uniform nanocrystals exhibit an immense variety of sizes and shapes. Along with this method, the thermal decomposition of metalloorganic precursors and/or oxoclusters or sulfide clusters has also pursued crystalline metal oxide and sulfide nanocrystals with uniform size and narrow size distribution. 58, 59 Another chemically elegant approach worth mentioning is the polyol-assisted synthesis of nanoscale metal oxides, carbonates, sulfides and halides, exploiting the coordination power and the high viscosity of polyols to limit the growth of the particles. [83] [84] [85] 
Bioinspired approaches
By mimicking the synthetic mechanisms of nature, shapecontrolled inorganic nanocrystals can also be obtained using biomolecules as precursors or seeds for growth. Aminoacids, proteins, polysaccharides, lipids and peptides are among the most studied organic biomolecules for controlling and orientating crystal growth: they are the biological version of capping agents in the production of nanocrystals. 86, 87 Proteins isolated from silica-producing organisms have been used to create TiO 2 nanoparticles and other crystalline structures. 87, 88 As an extension of the concept of a surfactant, biologically produced nanoparticles tend to be stable in solution, perhaps due to protein interactions, further suggesting that purification may not be an issue in some cases. Crystal growth can be directed by the use of special proteins. Since proteins have already been proven to control the crystallization of biological structures (e.g., exoskeletons, bone and seashells), genetically modified proteins can selectively bind to specific crystal faces, so directing the growth.
A bioinspired approach to produce inorganic crystalline colloids is the use of multicellular biological organisms, such as bacteria. 59 In nature, magnetobacteria are known to be able to synthesize nanosized single crystals of Fe 3 O 4 and FeS 2 folded into ordered chain or ring structures and sulfatereducing bacteria can produce ZnS biofilms under anaerobic conditions. Imitating nature, bacteria and fungi have been applied to produce different inorganic nanoparticles either on the cell surface or intracellularly. [89] [90] [91] [92] [93] 
Colloidal systems as supports, templates and nanoreactors for inorganic crystallization
It has been shown in Section 2 that colloidal systems, especially colloidal particles, can be used as additives to control the nucleation and growth of crystals. The difference in size between the colloids acting as additives (controlling agents) and the grown crystals is typically at least one order of magnitude, the former being ,1 mm and the latter in the range of several micrometers. Much more commonly, however, colloidal systems are applied as supports or templates for crystallization, and these methods will be discussed in the following section.
Roughly speaking, two main approaches can be distinguished: (i) hard templating, in which colloidal particles (typically silica or polymer particles) act as a support for the formation of crystals on the surface, and (ii) soft templating, in which colloidal structures (e.g., micelles) confine crystallization, mostly in emulsion and phase separation procedures. This distinction between ''hard'' and ''soft'' templates, schematically represented in Fig. 7 , originally comes from the area of hollow particle preparation, [94] [95] [96] but it can be generalized to other template crystallization processes happening in the presence of colloidal systems. Aiming to focus on crystallization from solution, we will not describe the long list of works in which crystallization occurs in the solid state after calcination of amorphous materials produced by sol-gel methods.
Crystallization on unfunctionalized colloidal particles: direct deposition methods
Already in the early 1990s, before the preparation of core-shell hybrid particles had become a hot topic, Matijević and coworkers did some pioneering work and reported the precipitation of inorganic materials, such as yttrium basic carbonate (Y(OH)CO 3 ) 97 and some zirconium compounds (Zr 2 O 2 (OH) 2 CO 3 , Zr 2 (OH) 6 SO 4 ), 98 on the surface of simple polystyrene particles, cationically or anionically stabilized, but with no further treatment or specific functionalization. There are also a few reported examples of the direct crystallization of metals and metal oxides either on silica or on polymer colloids. Zhang et al. 99 showed that silver or metal nanoparticles can be precipitated on the surface of polystyrene and silica beads, making use of the electrostatic attraction between positively charged metal complexes and the preexisting negative charges on the surface of the colloids, arising from the surfactant used in the synthesis of the latex and from the -OH groups in the case of the silica particles. Huang et al. 100 reported the precipitation of Fe 3 O 4 on the surface of sulfatestabilized polystyrene latex particles in the presence of ethylene glycol. Lynden and coworkers also demonstrated a few years ago that tin(IV) oxide can be directly deposited on the surface of silica nanospheres 101 or even on silica-coated a-Fe 2 O 3 spindles, resulting in fancy ''double-walled SnO 2 nano-cocoons'' (Fig. 8 ). 102 The as-prepared nanocrystals are tetragonal rutile SnO 2 , although a pronounced peak broadening of the X-ray diffraction peaks is reported, which is coherent with the small crystallite sizes obtained.
Another efficient strategy to obtain crystalline direct deposition from solution on the surface of colloidal particles is the application of ultrasound. Gedanken and coworkers have made very significant contributions and have successfully crystallized in situ different inorganic materials on the surface of colloidal particles, including ZnS, 103 metallic cobalt, 104 gold on silica 105 and metallic nickel on alumina. 106 
Crystallization on particles coated with adsorbed polyelectrolytes: conventional hard-template methods
As indicated above, the use of hard templates has been a conventional way to obtain inorganic hollow particles, very often by applying the ''layer-by-layer'' (LbL) deposition technique. Characterized by its simplicity, effectivity and versatility, many research groups, such as those of Möhwald and Caruso, have extensively used this approach and the advances in the topic have been summarized in numerous review papers. 94, [107] [108] [109] As suggested by the name, the LbL technique involves the sequential deposition of oppositely charged polyelectrolytes on the supporting particle. A common option is to prepare the crystalline nanoparticles ex situ and deposit them afterwards on the surface of template beads layered with polyelectrolytes. [108] [109] [110] [111] An alternative strategy is the in situ crystallization of the nanoparticles on the surface of the templates, but the LbL technique presents important limitations in that sense because the addition of precipitating agents required for the in situ reactions can destabilize the deposited layers of polyelectrolytes. This technique has, however, been successful in the preparation of noble metal nanoparticles on the surface of colloids by the reduction of deposited metal precursors. Antipov et al. 112 reported the precipitation of silver nanoparticles on the surface of poly(sodium styrenesulfonate)/poly(allylamine hydrochloride) hollow capsules. Similarly, Bruening and coworkers 113 prepared Pd nanoparticles on the surface of alumina particles covered with adsorbed polyelectrolytes and Tian et al. 114 deposited gold nanoparticles on polystyrene nanoparticles modified with poly(ethyleneimine).
Sol-gel precursors can also be adsorbed on colloids covered with polyelectrolytic layers, but the obtained materials are almost always amorphous. For example, Caruso's research group reported the preparation of TiO 2 115 and LiNbO 3 116 by depositing the inorganic precursor on the surface of polystyrene particles in combination with the sequential adsorption of poly(diallyl dimethylammonium chloride) and poly(styrenesulfonate), but the crystallization occurred only after the calcination of the materials, which falls beyond the focus of this article. Also using the LbL deposition technique, Valtchev 117 prepared zeolite A crystals on the surface of polystyrene microspheres treated with a cationic polymer, which facilitated the adsorption of negatively charged zeolite A crystal seeds. These seeds on the surface served as nucleation sites for the subsequent growth. 
Crystallization on covalently functionalized polymer particles
In the examples of particles as supports (or hard templates) presented so far, the colloidal core plays mostly a sacrificial role and the functional groups on the surface are either ''intrinsic'' (hydroxyl groups on silica) or merely adsorbed (like in the LbL case). A different approach is the use of polymer particles with covalently attached functionalities, which are able to bind metal ions and serve as nucleation centers for crystallization ( Fig. 9 ). As it is not always desirable to remove the core but to exploit the properties of the hybrid materials, it may be more appropriate to speak of a ''support'' rather than a ''hard template''. Depending on the system and on the preparation conditions, the crystals deposited on the particle may not completely cover the surface but form a ''raspberrylike'' structure, which is not necessarily a drawback but can be an interesting feature. Agrawal et al. 118 have reviewed in a recent paper the developments on the fabrication of polymerinorganic hybrid particles.
As in the previous strategies, a big portion of the accomplished work has been for noble metal nanoparticles, which are readily precipitated by the reduction of metal salts. Ballauff's research group has been one of the most active in this topic and has reported the formation of Ag, Au, Pd and Pt nanoparticles on the surface of ''hairy'' latexes, functionalized with long polyelectrolytic chains. [119] [120] [121] [122] [123] In a recent work, Lu and coworkers have reported the growth of Pt/Au nanorods on poly(N-isopropylacrylamide) microgels attached to a polystyrene core. 129 Other groups have reported analogous results. [125] [126] [127] It is worth noting that both amorphous and crystalline noble metal nanoparticles can be obtained, depending on the size of the nanoparticles. According to Schrinner et al., 128 gold particles larger than 2 nm are crystalline, while those in the range of 1.3 nm are amorphous-at least ''X-ray amorphous''.
Because of the importance in biomineralization and biomedical applications, hydroxyapatite, Ca 5 (PO 4 ) 3 (OH), is another widely studied crystalline material. More than ten years ago, Tamai and Yasuda 129 already presented the formation of hydroxyapatite on poly(styrene-co-acrylic acid) latex prepared by emulsion polymerization. Similar latex particles, although prepared by miniemulsion, were used as a support for the crystallization by Ethirajan et al. 130, 131 Hydroxyapatite has also been crystallized on polystyrene particles with other functionalities, resulting from the copolymerization of styrene with monomers such as acetoacetoxyethylmethacrylate (AAEMA), 132 vinylphosphonic acid (VPA) and vinylbenzylphosphonic acid (VBPA). 133 The use of ionic surfactants and initiators like potassium persulfate in emulsion polymerization techniques leads to the presence of charge groups on the surface, which can interfere with crystallization processes. Even non-ionic surfactants, such as Lutensol AT50, a commercially available hexadecylmodified poly(ethylene oxide) with ca. 50 ethylene oxide units, can also have a negative effect on crystallization if the concentration is too high. 131 Therefore, for better control of the crystallization on the surface of polymer particles, a convenient alternative to achieve functionalization is the use of surface-active monomers (so-called ''surfmers'') containing the desired functionality. Surfmers act simultaneously as monomers and surfactants. This approach avoids the use of an additional surfactant and the surfmer copolymerize with the monomer of the core, becoming covalently bound to the surface. Recent works have reported the crystallization of hydroxyapatite on the surface of particles prepared with a phosphonate surfmer 134 and the use of phosphate and phosphonate surfmers to prepare functionalized particles for the crystallization of different metal oxides. 135 The successful crystallization of metal oxides, hydroxides and chalcogenides on the surface of polymer particles is more complex than for the case of metals and calcium phosphates. Poly(styrene-co-acetoxyethyl methacrylate) latex particles prepared with potassium persulfate as an initiator have been used for the in situ crystallization of ZnO and In(OH) 3 from 2-propanol 136, 137 and ZnS from aqueous media. 138 Analogous experiments for TiO 2 139 and Ta 2 O 5 140 resulted in amorphous materials unless calcinated. Very remarkably, Lu et al. 141 showed that TiO 2 could be obtained at room temperature as crystalline anatase on the surface of polystyrene particles functionalized with poly(styrene sodium sulfonate) with no need for any further thermal treatment. These results are significant because TiO 2 prepared by sol-gel is mostly amorphous. A recent work by Fischer et al. 135 has shown that phosphate and phosphonate functionalities, which originate from copolymerization with specifically synthesized surfmers, are very suited for the controlled surface precipitation of CeO 2 , a-Fe 2 O 3 , Fe 3 O 4 and ZnO from both aqueous and alcoholic media. Interestingly, ZnO could be obtained in a crystalline form at room temperature from alcoholic media but not from aqueous solutions. In all the systems studied, the initial polymer dispersions coagulated and became unstable after adding the metal precursor but were observed to be stable again after the addition of the precipitating agent and the formation of the crystals (Fig. 10) .
As an overview of the work conducted in the last few years in the area, Table 1 summarizes some representative publications on the crystallization of inorganic nanoparticles on the surface of covalently functionalized polymer particles, indicating the crystallization solvent and the specific surface chemistry. Fig. 9 General strategy for the precipitation/crystallization of metal-containing inorganic materials on the surface of functionalized latex particles.
Microgel particles as scaffolds for crystallization
Some of the examples mentioned in the previous subsection, like those using polyacrylamides to functionalize ''hard'' polystyrene spheres, involve the interaction of microgels with metal ions. It is also possible, however, to apply particles made only of the ''soft'' microgel (i.e., without any ''hard'' core) for precipitation and crystallization processes. It can be considered that such materials are, somehow, halfway between hard and soft templates. The applications of hydrogel nanoparticles for the synthesis of new materials has been reviewed in different articles. [143] [144] [145] Antonietti et al. 146 were the first to demonstrate the use of microgel particles as nanoreactors for inorganic nanoparticle synthesis and they reported the preparation of noble metal colloids templated with poly(styrene sulfonate) gels. Some years later, Kumacheva and coworkers 147 used poly(N-isopropyl acrylamide/acrylic acid/2-hydroxyethylacrylate) microgels to prepare metal nanoparticles as well, but they also extended the approach to CdS. In the last few years, microgel (and nanogel) particles of different chemistries have been used as scaffolds for the preparation of a variety of crystalline materials, including CaCO 3 , 148 ZnS, 138 calcium phosphates and hydroxyapatite [149] [150] [151] While hard templates (or supports) are solid colloidal particles, soft templates typically involve structures and spaces confined by amphiphilic molecules, such as surfactants or amphiphilic polymers. This includes emulsion droplets (micro-and miniemulsion droplets), micelles, micellar aggregates and vesicles. The structures generated by soft templates confine the spaces in which crystallization can take place, that is, these spaces act as ''nanoreactors'' and allow the control of both the nucleation and growth of crystalline materials due to the confinement of the crystallization process. This ''nanoreactor'' concept discloses exciting perspectives for the morphsynthetic control of the crystalline habit of the formed structures. In fact, the physical properties of liquids in nanodroplets can be substantially different from those of the bulk phase and the dynamics of the crystallization and melting process are consequently affected. In particular, in both direct and inverse emulsion systems, the temperature of crystallization is significantly decreased with respect to the bulk phase because heterogeneous nucleation is practically suppressed. 4.5.1. Confinement in emulsion droplets. Emulsions can be direct (oil-in-water) or inverse (water-in-oil) and are typically classified as macroemulsions (or simply emulsions), miniemulsions and microemulsions. Pileni's research group certainly played a pioneer role in the introduction of soft colloidal templates to inorganic synthesis, especially for the case of macro-and microemulsions. [153] [154] [155] Different from microemulsions, which are thermodynamically stable systems, miniemulsions are kinetically stabilized and the concentration of surfactant stays under the critical micellar concentration, so that it is not appropriate to speak about micelles, but rather about ''stabilized droplets''. Miniemulsions are obtained by high energy homogenization, typically induced by ultrasound, yielding very fine dispersions. Especially in the food industry, 156 but also occasionally in colloid chemistry, 157, 158 naming the miniemulsions with the younger term 'nanoemulsions' is starting to became popular. A look at the publications indexed by the Web of Knowledge shows that 'miniemulsion', coined by the emulsion polymerization community, dates back to at least 1984, while the term 'nanoemulsion' appears for the first time in an indexed publication as late as 1996. From our side, we encourage the term 'miniemulsion' not only because of historical reasons, but also because 'nanoemulsion' (or 'nano-emulsion' with a hyphen, as spelled by some authors 158 ) may be misleading regarding the size of the droplets when compared with 'microemulsion'.
For the synthesis of inorganic particles, most commonly, two emulsions containing the precursors (or a reducing/ precipitating agent) are combined, so that the precipitation reaction occurs after the collision and coalescence of the droplets containing the reactants (Fig. 11 ). If only one emulsion is used and the precipitating agent is present or added into the continuous phase, the precipitation may occur at the droplet liquid-liquid interface and hollow particles are formed. Most of the materials produced in this way at the interface by sol-gel are amorphous and crystallize only upon thermal treatment. However, crystalline materials have also been produced in macro-, mini-and microemulsions. Micron-and submicronsized hollow spheres of metals (Ni, Pt), 159, 160 oxides (MnO 2 ) 161 and chalcogenides (ZnS, CuS 2 and CdS) [162] [163] [164] have been reported, to mention some examples.
The use of microemulsions in nanoparticle synthesis has been reviewed in different papers. [165] [166] [167] Especially interesting in obtaining hollow particles by microemulsions are the achievements of Feldmann and coworkers, who have reported nanocrystalline hollow nanospheres of different oxides and hydroxides, including c-AlO(OH), 168 La(OH) 3 , 169 SnO 2 170 and TiO 2 . 171 Although the TiO 2 obtained appeared to be amorphous according to the X-ray diffraction data, high-resolution transmission electron microscopy showed that the shell of the capsules was, at least partially, crystalline. 171 Another research group has also prepared zirconium phosphates 172 and hydrotalcites 173, 174 in a microemulsion. Although inorganic nanoparticles are mostly prepared in inverse (oil-in-water) systems, direct microemulsions have also been used. Ge et al. 175 reported the formation of a large variety of inorganic nanoparticles at the oil-water interface in microemulsion droplets. Some of the nanoparticles (Ag 2 S, PbS, Ag 2 Se, PbSe, Ag, Cu) were shown to be crystalline. Sánchez-Domínguez et al. [176] [177] [178] synthesized metallic (Pt, Pd, Rh) and metal oxide (CeO 2 , ZrO 2 , Ce 0.5 Zr 0.5 O 2 , TiO 2 ) nanoparticles under mild conditions starting from organometallic precursors dissolved in the oil dispersed phase. In a very recent study, Okoli et al. 179 have compared the properties of magnetic iron oxide nanoparticles obtained in oil-in-water and water-in-oil microemulsions. The application of miniemulsions to the synthesis of inorganic nanoparticles, although not exclusively focused on crystallization processes, has been very recently reviewed elsewhere 180 and we will discuss it here only briefly. In the first reported inorganic synthesis in a miniemulsion, Willert et al. 181 demonstrated in the early 2000s the versatility of the miniemulsion technique and reported the crystallization of calcium carbonate and iron(III) oxide. The recrystallization of molten salts (zirconium oxychloride) and metals (gallium and alloys) was also achieved by decreasing the temperature below the melting point so that the molten substance solidified. Taden et al. 182 186 observed the crystallization of nanoscopic ZnO already at room temperature by exploiting the precipitation of the oxide in the confined space of the droplets in an inverse miniemulsion. In this case, in basic or neutral media, the formation of the amphoteric hydroxide species, ZnO x (OH) y (OH 2 ) z , would have been expected. Actually, prolonged storing and aging in its mother liquor promotes the formation of the crystalline oxide. The results evidenced that the confined space of a droplet, filled with the mother liquor, favoured the aging. 4.5.2. Confinement in micelles, vesicles and complex micelles. Soft-template processes occur not only in droplets in heterophase systems, but also within micelles, vesicles and complex micellar aggregates in homophase systems. 95, 187, 188 For example, vesicles formed with the surfactant cetyltrimethylammonium bromide (CTAB) were used as a structure-directing agent by Xu et al. 189 to fabricate Cu 2 O hollow spheres with a fascinating multishelled structure ( Fig. 12 ). CTAB micelles and complex micelles of CTAB with sodium dodecylsulfate (SDS) were also reported in the preparation of ZnO hollow spheres 190 and star-shaped PbS nanoparticles, 191 respectively. In a similar fashion, SnO 2 hollow nanospheres were synthesized using sodium dodecyl benzenesulfonate as a soft template. 192 Metallic nickel hollow nanospheres were prepared by the reduction of nickel dodecylsulfate micelles with NaH 2 PO 2 193 and Co-Pt analogous structures could be produced by the reduction of platin(II) acetylacetonate and cobalt(II) acetate while refluxing in ethylene glycol. 194 Micellar structures formed by polymers have also been used as templates to form hollow structures of metal oxides and chalcogenides: Cu 2 O in the presence of poly(ethylene glycol), 195 M 12x Fe 2+x O 4 (M = Fe, Co, Mn) in the presence of poly(ethylene oxide)-block-poly(propylene oxide)block-poly(ethylene oxide) triblock copolymers 196 or CdS in the presence of polyglycol are a few examples. 197 The recent advances in the use of vesicles has been specifically reviewed in a very recent publication by Hao and coworkers. 188 
Summary and outlook
The aim of this highlight paper has been to underline that the importance of colloidal systems in crystallization processes goes much beyond conventional nanocrystalline colloids. It has been shown that colloidal particles and micelles can be used as additives to control the nucleation and growth of inorganic crystallization. The materials formed, which occlude the colloidal entities, are not only interesting for their application as models for the understanding of biomineralization processes, but recent studies have shown that the physical properties of the materials are also influenced, opening the door to a new generation of hybrid materials. One of the crucial open questions is the mechanistic understanding of the occlusion process, through which colloidal entities become, or not, embedded on the growing crystal. Colloids can also be used in enantioselective crystallization to promote the growth of a specific chiral compound, allowing for the separation of racemic mixtures. A current challenge in this field is the extension of the results reported so far for microspheres to the nanoscale.
The preparation of inorganic colloids has advanced significantly from the early 1990s till now, in particular on the control of the size and the morphology of the obtained nanocrystals and on tuning the final properties. The recent developments in soft and hard templating for preparing inorganic colloids have been reviewed. Although hard templating is efficient and relatively straightforward, it has some limitations: in the case of hollow structures, it is more difficult to load the capsule with the desired material than in the case of soft templates, especially in the case of liquids. In the last few years, significant progress has been achieved in the crystallization of inorganic matter on the surface of covalently functionalized nanoparticles. In the area of soft templating, a remaining challenge is the difficulty of controlling the particle size of the droplets due to the coalescence of the droplets or nanocontainers carrying the inorganic precursor. Although, in comparison with the so-called physical methods, crystals produced in the liquid phase may be less pure or have a higher degree of crystal defects, which may be important for certain optical or electronic applications, wetchemical approaches are not only much simpler, but also much more versatile. Furthermore, as the colloidal crystalline particles are already suspended in a liquid, a chemical postfunctionalization is often possible without additional redispersion steps, being less tedious and time consuming. In this regard, postfunctionalization steps may be required to generate multifunctional colloids, which is one of the trends of current research in the field. Functionalization (a priori or a posteriori) may also be a key issue, combined with the control of the shape and size, towards the self-assembly of colloidal entities.
